Introduction
The importance of inorganic phosphate (Pi) in the regulation of the growth and metabolism of cultured plant cells has frequently been emphasized. In gener al, Pi activates primary metabolism and, as a result, stimulates the proliferation of cells [1] [2] , while star vation of Pi induces the accumulation of secondary compounds, such as tryptamine, indole alkaloids and phenolics [3] [4] [5] . However, the controls of metabo lism induced by the addition or depletion of Pi have not yet been fully elucidated. In our earlier studies [6] [7] [8] [9] , we monitored growth and metabolism of sus pension-cultured Catharanthus roseus cells for 96 h, at 24 h intervals, after transfer of stationary-phase cells to fresh complete ("+ Pi") and phosphate defi cient ("-Pi") medium. Our results indicated that growth and division of the cells were dependent on Pi in the medium, and marked increases in the rates of biosynthesis of nucleotides, nucleic acids and pro teins were observed in the cells in the "+ Pi" medium. These metabolic changes seem to be closely correlated to the levels of ATP in the cells. Thus, in the present study, in order to examine the more im mediate effects of the addition of Pi on the metabo lism of the cells, we determined the levels of certain metabolites that are associated with energy metabo lism, and measured the rates of synthesis of proteins and nucleic acids during the first 120 min after the addition of Pi to cultures of the cells.
Materials and Methods

Plant materials
Suspension cell cultures of Catharanthus roseus (L.) G. Don (strain A/L) were maintained and sub cultured every 10 days in Murashige-Skoog basal medium [10] that contained 2.2 (im 2,4-dichlorophenoxyacetic acid and 3% sucrose ("+ Pi" medium) as described earlier [2] . Experimental cul tures were initiated from 10 day old stock cultures.
The suspension of cells (approx. 800 mg cells in 2 ml) was transferred to 18 ml of Pi-deficient Murashige-Skoog ("-Pi") medium in 100 ml Erlenmeyer flasks. Aliquots of a sterilized solution of Pi were added to the cultures, to a final concentration of 1.25 mM, 24 h after inoculation. For control ("-Pi") cultures, the same amount of distilled water was added.
Determination o f metabolites
Freshly harvested cells (approx. 1.6 g fresh weight) were washed with distilled water and im mersed in liquid nitrogen in a chilled mortar. The frozen cells were immediately ground to a powder, dropped into 2.5 ml of 6% perchloric acid in a Potter-Elvehjum homogenizer, and homogenized for 30 sec. The homogenate was centrifuged at 15,000x g for 10 min at 2 °C; the resultant super natant was collected and the pH was adjusted to 3 .5 -5.0 with KOH; and finally, potassium perchlo rate was removed by centrifugation (15,000 x g , 10 min). The supernatant obtained was used im mediately for the assay of metabolites.
The level of ATP was determined luminometrically with a Packard Model 6100 Picolite Luminometer, as described earlier [11] , The levels of other metabo lites were measured spectrophotometrically by fol lowing changes in absorbance at 340 nm. The meas urements were made at 37 °C in a Hitachi double beam spectrophotometer, type U-3200, which was fitted with accessories for enzymatic analysis. Analy sis of levels of the following individual metabolites was carried out in essentially the same way as de scribed in the references cited: glucose-6-phosphate (G 6P ) and fructose-6-phosphate (F6P) [12] ; fructose-l,6-bisphosphate (F1,6BP) [13] ; 3-phosphoglycerate (3 PGA) [14] ; phosphoenolpyruvate (PEP) [15] ; pyruvate [16] ; and pyrophosphate (PPi) [17] .
In preliminary experiments, the methods for the extraction of metabolites described by others [18] [19] [20] were examined with our materials. The results were essentially the same as those obtained when our methods, as described above, were used. The degree of disruption of cells and the recovery of individual metabolites were checked as described an earlier paper from our laboratory [21] . More than 90% of the cells were disrupted by the extraction treatment and recovery of each metabolite was more than 80%. (Fig. 1 A) may not be indicative of the inhibition of the step catalyzed by pyruvate kin ase (PK), but may rather suggest the rapid consump tion of pyruvate accompanied by the stimulation of respiration by Pi.
A positive crossover between PEP and pyruvate during the 30-120 min period (Fig. IB ) suggests that the step catalyzed by PK is stimulated during this period. Furthermore, the higher rate of increase in the level of F 1,6 BP compared to that of F 6 P dur ing this latter period suggests that the step catalyzed by phosphofructokinase (PFK) and/or PP i: fructose-6-phosphate 1-phosphotransferase (PFP) may also be stimulated, although a positive crossover is not evident. Increases in the levels of all phosphorylated intermediates during the period may eliminate the definite crossover between F6P and F I ,6 BP. In Table I. that of PFK in the cells [17] , and significant amounts of PPi and fructose-2,6-bisphosphate, a potent ac tivator of PFP, are present in the cells (Table I The present studies strongly suggest that one of the short-term effects of Pi on the metabolism of suspension-cultured cells is to increase the rate of oxidation of carbohydrates, which is a result of the phosphorylation of sugars. This process occurs be fore net synthesis of any proteins, even, probably, of the enzymes involved in glycolysis.
